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Introduction
The p-n junction has become an important component in modern electronics since its serendipitous discovery by Russel Ohl almost 80 years ago. 1 This kind of device can be created by joining together two semiconductors of different type: a p-type semiconductor containing an excess of holes and n-type one with an excess of electrons. As a result an intrinsic electric field at the interface between them is generated and it can be used to rectify currents or to separate photogenerated electron-hole pairs. In bulk semiconductors the typical way to create a p-n junction is to dope two different parts of a single crystal with different ions or dopants forming a three-dimensional (3D) p-n junction. The resulting face to face arrangement constitutes the only possible device architecture considered for bulk semiconducting materials. If one scales down the dimensions of the semiconductors involved, by passing from 3D to two-dimensional (2D) materials, new and exciting possibilities arise. The design of p-n junctions offers now more possibilities and freedom: p-n junctions in the 2D case can be constructed following two main architectures: a lateral junction, in which the two 2D materials are joined at the same plane (creating a one-dimensional interface between the two materials) and a vertical junction, in which the 2D materials are stacked face to face, thereby exhibiting a two-dimensional overlap. Moreover, the ultra-thin nature of 2D materials gives rise to novel properties compared to 3D semiconductors. [2] [3] [4] [5] [6] [7] [8] An example is the thickness-dependency of the bandgap for some materials which enables even more possibilities to create different p-n junctions concepts. Using two-dimensional (2D) materials a large variety of p-n junctions can be produced. These can be junctions based on a single 2D material (homostructures), on the junction between two different 2D materials (heterostructures) or junctions based on the combination of a 2D material with a material with higher or lower dimensionality (mixed-dimensional structures). Different concepts of p-n junctions within these categories are shown. Figure 1 shows a schematic of eight kinds of p-n junctions based on 2D materials which one can encounter in the present literature. We separate homojunctions (based on a single 2D material), from heterojunctions (formed by joining two different 2D materials) and mixed dimensional junctions (based on the combination of a 2D material with 0D, 1D or 3D materials. More specifically, the eight kinds of p-n junctions are:
2D homostructures 1. Thickness-based junctions, in which the p-and n-regions are formed by two regions of the same material with different thicknesses. 2. Electrostatically doped junctions, in which the doping in different regions of the same 2D material is controlled by local electrostatic gates. 3. Chemical doping, in which the doping of a region in a 2D material is modified by the adsorption of molecules, nanoparticles or quantum dots onto the surface of the material. 4. Elemental doping, in which two flakes of the same 2D material with different doping are stacked one on top of the other, forming an out-of-plane junction. 2D heterostructures 5. Vertical heterojunctions, in which two different 2D materials are stacked one on top of the other and the junction is formed in the out-of-plane direction. 6. Lateral heterojunctions, in which two 2D materials are joined in the same plane along a one-dimensional interface. Mixed-dimensional 7. 2D-0D and 2D-1D p-n junctions, in which a molecular crystal or a nanotube film is in contact with a 2D material. 8. 2D-3D p-n junctions, in which a 2D material is in contact with a bulk 3D semiconductor.
Semiconducting 2D materials building blocks and tools
The different p-n junction architectures introduced in Section 1 can be realized thanks to the discovery of 2D materials. In this section we will describe the atomic and electronic structure of some of the main 2D materials which can be used to fabricate p-n junctions. We will then introduce the production and isolation methods for these materials discussing top-down approaches such as the deterministic transfer and bottomup methods such as CVD growth.
Atomic and electronic structure
2D materials can be extracted out of layered materials by mechanical or chemical exfoliation. [9] [10] [11] [12] The atoms in these materials are arranged in layers with strong in-plane bonds (typically covalent bonds) and weak bonds between the different layers (generally van der Waals interactions). The layers can be composed of a single atomic plane, like in the case of graphene or hexagonal boron nitride (h-BN), or they can be made out of multiple atomic planes (e.g. in MoS2 each monolayer is composed of three atomic layers). Many families of layered materials are known and in the following we will discuss the properties of some important examples of 2D materials. 10, [13] [14] [15] Figure 2a shows the crystal structure of a monolayer of graphene, MoS2 and h-BN. Graphene and h-BN share the same hexagonal crystal structure but differ strongly in their electronic structure. Graphene is a zero-gap semiconductor with a linear dispersion close to its neutrality point. 16 The doping in graphene can be controlled electrostatically and both n-type and p-type can be realized. Among the other methods used to dope graphene one can find chemical doping, substitutional doping and irradiation methods. Moreover many groups dedicated efforts to open a bandgap in graphene using external electric fields, geometric confinement or hydrogen adsorption. [17] [18] [19] [20] [21] In contrast, h-BN is an insulator with a bandgap of ~6 eV that makes it highly transparent to visible light. 22 Among the semiconducting 2D materials the most studied ones are probably MoS2 and other members of the transition metal dichalcogenide (TMDC) family that are composed of a layer with the transition metal atoms sandwiched between two layers of chalcogenides atoms. 2, [23] [24] [25] [26] [27] [28] [29] MoS2 is a semiconductor with an indirect bandgap of 1.2 eV in its bulk or multilayer form but it exhibits a direct bandgap of 1.9 eV when thinned down to a monolayer. [30] [31] [32] Monolayer WS2, MoSe2 and WSe2 share similar electronic properties, having direct bandgaps of energy between 1 and 2 eV. While MoS2 and WS2 are typically n-doped, WSe2 is ambipolar. Another semiconducting 2D material largely used in p-n junctions is black phosphorous (BP). This layered allotrope of phosphorous is a narrow-bandgap semiconductor with a bandgap of 0.34 eV in bulk that increases to 1.5 eV when BP is thinned one monolayer thick. [33] [34] [35] Among the materials described BP is by far the most unstable as it degrades quickly when exposed to air and thus it requires to work in a high-vacuum environment or to employ encapsulation protocols (i.e., sandwiching the 2D material in between two protecting insulating layers) to prevent its degradation. [36] [37] [38] [39] [40] In addition to BP and graphene, the elemental (Xenes) family comprises also other materials such as silicene, germanene and stanene. 41, 42 Other important families of semiconducting layered materials are monochalcogenides such as SnS or GeSe, 43 , 44 trichalcogenides such as TiS3 or HfS3 45, 46 and metal halides such as PbI2 or CrI3. 47, 48 Layered oxides, nitrides and carbides are also actively researched families of 2D materials. [49] [50] [51] Table 1 reports some of the important material properties of selected 2D materials useful for the construction of p-n junctions. 
Isolation of 2D materials
While 2D materials supported on bulk substrates are known since at least 50 years, their isolation and integration in devices is more recent. In 2004 Geim and Novoselov 9 demonstrated the first electronic device based on a 2D material, fabricated by isolating single-layer graphene from bulk graphite using mechanical cleaving. In this section we will discuss the different approaches developed to produce 2D materials and to integrate them in p-n junctions, including top-down approaches (which are very powerful in creating different and novel p-n junctions) and bottom-up approaches suitable for large-scale integration.
Top-down approach: deterministic transfer
Atomically thin 2D materials can be isolated from bulk layered crystals by mechanical cleaving. The presence of strong bonds in the plane of the layers and weak bonds between them allows these materials to cleave perfectly along the atomic plane. As mentioned above, the first technique developed is mechanical cleavage, also known as the "Scotch tape method". In this method a piece of tape is pressed against the surface of a natural or artificial bulk layered crystal and then it is peeled off, cleaving the crystal and leaving debris and flakes of the material onto the tape surface. The flakes can then be transferred to an arbitrary surface by pressing on it the tape containing the flakes and subsequently releasing the tape gently. The main drawback of the Scotch tape method is that it produces flakes with different sizes and thicknesses randomly distributed over the sample substrate and only a small fraction of these flakes are atomically thin. This limitation can partially be circumvented by the use of optical identification methods to find atomically thin crystals from the crowd of thicker, bulky flakes. [56] [57] [58] Nevertheless, the combination of the Scotch tape method with optical identification methods alone cannot provide a reliable way to fabricate p-n junctions by artificial stacking of 2D crystals. Since 2010, the research on those artificial stacks of 2D materials has grown exponentially driven by the development of different transfer techniques that allow to place 2D materials on a desired location with an unprecedented degree of control and accuracy. [59] [60] [61] [62] [63] A typical deterministic placement setup used to transfer and artificially stack 2D crystals is schematically depicted in Fig. 3a . Such a setup is usually based either on a zoom lens or on an optical microscope equipped with long working distance objectives. Two manually actuated micropositioners are used to move the target surface and the flake to be transferred. Fig. 3b shows the steps to fabricate a vertical heterojunction using the deterministic transfer method. Figure 3c shows an optical image of a vertical homojunction formed by a n-doped MoS2 flake stacked onto a p-doped MoS2 one. The top image shows an intermediate fabrication step and the bottom image is the final device. 
Bottom-up approach: CVD growth
Many 2D materials can be directly grown in the form of single-or few-layer nanosheets on various substrates. 66 The production process usually involves a thermal chemical vapour deposition (CVD) process, in which the vapour-phase reactants are generated by thermally evaporation of specific source materials. [67] [68] [69] This growth method is very promising for the production and large-scale integration of CVD grown 2D p-n junctions and already many vertically stacked and lateral p-n junctions have been demonstrated. The family of TMDCs is particularly interesting for CVD growth because of the relatively small lattice mismatches between its various members and the availability of different doping types.
In 2014 Gong et al. 65 demonstrated a single-step vapour phase growth process for the creation of lateral or vertical monolayer MoS2/WS2 heterostructures controlled by the growth temperature. Figure 3d shows a schematic of the synthesis, which involves sulphur powder, MoO3 as a source of molybdenum and a mixed powder of W and Te for the tungsten. The difference in nucleation and growth rates between MoS2 and WS2 allows for the sequential growth of MoS2 and WS2 instead of the formation of a MoxW1-xS2 alloy. By carrying out the process at a temperature of ~850 ℃ the authors produced vertically stacked WS2-MoS2 bilayers, similar to the structure shown in Fig. 3e , whereas at ~650 ℃ in-plane lateral heterojunctions were created shown in Fig. 3f 71 Recently a different approach was demonstrated by Zheng et al., which used pulsed laser deposition to achieve a single-step growth of a lateral p-n junction between layered In2Se3 and nonlayered CuInSe2. 72 The biggest challenge in CVD process of heterojunctions is probably the interplay between the many degrees of freedom of the system (such as temperature, flow rate, substrate, lattice mismatch and others) which makes it difficult to ensure the reproducibility of the final process outcome in different laboratories and therefore it requires the full optimization of the growth recipe in every new growth setup.
p-n junctions based on 2D materials
Using to the top-down and bottom-up approaches described in the previous section, a large number of p-n junction devices based on 2D materials has been demonstrated in literature. In this section, we will review these results by passing from homojunctions to heterojunctions and ending with the mixed-dimensional junctions.
Homostructures
Homojunctions devices are p-n junctions based on a single 2D material. Figure 4a shows a 2D homojunction based on thickness modulation. In ultra-thin materials, the bandgap energy becomes a thickness-dependent quantity because of q uantum-confinement effects. This permits the creation of a p-n junction in which the p and n regions are made of the same material, just with different thickness. One example shown in Fig. 4d is a p-n junction based on a single WSe2 flake. 73 To fabricate this device Xu and coauthors started from a bilayer WSe2 flake and then partially thinned the flake to a monolayer with an Ar plasma. Metallic contacts to the monolayer and bilayer regions were subsequently defined. To fabricate this kind of homojunctions one can also take advantage of the exfoliation process itself as it generally produces flakes that are already composed of different thickness regions. 74 
Thickness modulation

Electrostatic doping
The reduced thickness of 2D materials usually comes along with a large electric field effect tunability. Figure  4b shows a schematic diagram of an electrostatically defined 2D p-n junction and Fig. 4e shows the optical picture of the actual device. In this case WSe2 is used because of its ambipolar nature (by tuning the polarity of the gate voltage one can make it either n-or p-type). Several groups reported this kind of device. [75] [76] [77] [78] [79] Here, we will discuss the implementation by Pospischil and coauthors. In their work, two metallic gates separated by 460 nm are defined onto a SiO2/Si substrate and subsequently covered by a 100 nm thick Si3N4 gate dielectric. A flake of mechanically exfoliated WSe2 was then deterministically transferred, partly covering both prepatterned gates electrodes, and source and drain electrodes were defined afterwards. By independently controlling the two split gates the doping in the two regions of the WSe2 flake located above the local gates can be controlled. Similar devices based on this split-gate geometry were fabricated with BP 80 and graphene. 81, 82 A different geometry was recently used by Li et al. 83 in which a single local graphene gate electrode, insulated by a thin h-BN flake, is partly covered by a WSe2 flake forming the active channel connected to source and drain electrodes. A complementary approach is to use ionic gating of the 2D material instead of the solid state split gates. [84] [85] [86] [87] 73 with permission from IOP Publishing, panel (e) readapted from Ref. 77 with permission from Springer Nature and panel (f) readapted from Ref. 88 with permission from American Chemical Society (copyright 2014).
Chemical doping
In addition to making 2D materials sensitive to external electric fields, the reduced thickness gives them a high sensitivity to the environment surrounding their surface. Molecules physisorbed or chemisorbed onto the surface can influence transport in the 2D material for example by introducing doping effects [89] [90] [91] [92] [93] [94] and a pn junction can thus be fabricated by locally doping the material. This principle has been used to fabricate chemically doped p-n junctions with graphene, 95, 96 TMDCs and black phosphorous. 97, 98 A chemically doped MoS2 p-n junction is shown in Fig. 4f reported by Choi and coauthors. 88 In this work a solution of AuCl3 was deposited onto the surface of a MoS2 flake partially covered by an h-BN flake. AuCl3 is known to induce ptype doping in MoS2 thereby creating a lateral p-n junction, where the n region is provided by the natural ndoped MoS2. On the other hand, a common molecule used to induce strong n-doping in MoS2 is benzene viologen (BV). Li and coauthors 99 used BV and AuCl3 to create an out-of-plane p-n junction (a device in which charge transport is out-of-plane) where one face of a few layer MoS2 flake was p-doped with AuCl3 and the other one with BV.
Elemental doping
A different approach to dope 2D materials is elemental doping, a technique that has proven to be successful for controlling carrier types in bulk materials. In bulk TMDCs elemental doping with Nb (five valence electrons), Fe or Re (seven valence electrons) has been used as a substitutional p-type or n-type dopant to replace the metallic atoms such as Mo or W (six valence electrons). 100 
Heterostructures
The combination of two different 2D materials to form a heterostructure is one of the most promising strategies because of the large variety of bandgap energies and doping types available among the different 2D materials. Figure 5a -b show schematic diagrams of a vertical and a lateral heterojunction.
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Vertical junctions
Vertical heterostructures represent a popular architecture in 2D materials. Due to a surface free of danglingbonds and interlayer van der Waals interactions it is possible to stack 2D materials on top of each other without constraint on the lattice constants. 6, [106] [107] [108] The first example of a van der Waals heterostructure in literature was demonstrated by Dean et al. 60 that stacked graphene on top of an h-BN flake. Soon thereafter it was realized that by stacking an n-type 2D material onto a p-type 2D material, using the deterministic transfer method, atomically thin p-n junctions could be created. 109, 110 An example of an atomically thin vertical p-n junction 111 based on single-layer MoS2 and WSe2 is shown in Fig. 5c . The authors fabricated the heterojunction by deterministic placement of individual mechanically exfoliated monolayers of both materials on a SiO2/Si substrate and deposited Pd contacts to inject electrons and holes into the n-MoS2 and pWSe2 layers, respectively. In another work Lee and coauthors 112 introduced graphene contacts for the MoS2 and WSe2 monolayers to improve the collection of charges, realizing a graphene sandwiched 2D p-n junction.
The freedom of stacking 2D materials on top of each other permitted the fabrication of many different vertical stacks by this top-down approach. Among the different devices we find junctions between two TMDCs, such as WSe2-MoSe2 or MoTe2-MoS2, and junctions of a TMDC with a different 2D layered material, BP-MoS2, GaTe-MoS2 or with ultrathin membranes such as InAs-WSe2. Figure 5d shows a BP-MoS2 vertical p-n junction 113 fabricated by transferring a flake of few-layer BP onto a monolayer MoS2 grown by CVD onto a SiO2/Si substrate. More recently vertical p-n junctions were directly fabricated by epitaxial growth without the need of mechanical assembly. 
Lateral junctions
While in literature one can find many examples of vertical 2D junctions, the same is not true for lateral heterojunctions. In this case a direct mechanical assembly is not possible and one has to rely on bottom-up fabrication methods, as discussed in section 2.2.2. Figure 5e shows a lateral junction device fabricated by Duan et al. 70 in which separate contacts are made to WS2 and WSe2. The white dashed rectangle in the image outlines a 50 nm thick Al2O3 layer deposited onto the WSe2 to insulate the WS2 contact electrodes. Figure 5f shows a different device, fabricated by Li et al., 114 in which different metals respectively Ti and Pd are used to contact the MoS2 and WSe2 regions of the grown flake.
Hybrid and mixed-dimensional
Apart from a purely 2D architecture, many efforts were dedicated to produce hybrid p-n junctions where a 2D material is in contact with a material of lower dimensionality, such as in the case of a molecular crystal or a nanotubes film, or higher dimensionality, like in the case of a bulk semiconductor such as Si. Molecular organic crystals and nanotube films have surfaces with saturated bonds and are therefore free from dangling bonds. They typically interact via van der Waals forces and this allows the integration of these low-dimensional materials with 2D materials in van der Waals heterostructures. 8, 118 Figure 3c shows a colored scanning electron microscopy (SEM) image of a 1D-2D junction created by transferring a layer of sorted single-walled carbon nanotubes (SWCNTs) onto a single-layer MoS2 flake. A different kind of 1D-2D junctions have been demonstrated by joining a single nanowire and a 2D material. Among the works we find junctions between MoS2, WSe2 and BP and a ZnO nanowire. [119] [120] [121] Figure 3d shows a microscope picture of a 0D-2D junction between a bilayer MoS2 flake and a 30 nm thick Cu-phthalocyanine (CuPC) thin film, thermally evaporated through a window opened in a PMMA layer. Bulk materials such as Si or GaAs, which are largely used in conventional p-n junctions and electronics, can be used in conjunction with 2D materials to create novel p-n 2D-3D junctions. Lopez-Sanchez and coauthors 117 realized a heterojunctions composed of n-type monolayer MoS2 and p-type silicon. Figure 6e shows 126 demonstrated a 2D-3D junction composed of a few tens of nm thick black phosphorus flake on top of a highly n-doped GaAs substrate. Multilayer
Electrical properties 4.1. The p-n junction as a rectifier
The first use of a p-n junction that we will discuss is that of a current rectifier. The built-in electric field at the p-n interface allows the flow of charge carriers in one direction (forward bias) while blocking the current in the other direction (backward bias). Many 2D based p-n junctions have been used as rectifiers, showing excellent performances and novel functionalities. One such example is the control of the rectification ratio with a gate field. Deng and coauthors reported gate-tunable rectifying current-voltage characteristics (IVs) in a monolayer MoS2-BP p-n junction (see Fig. 5d ). Figure 7a shows IVs recorded at various gate voltages between -30 V and 50 V. At negative gate voltages they observe a reduction of both the forward current (ptype connected to positive voltage and n-type to negative voltage) and of the reverse current (p-type connected to negative voltage and n-type to positive voltage). Increasing the gate voltage leads to an increase of both the forward and the reverse current in the device. The rectification ratio, defined as the ratio of the forward/reverse current, increases as the back gate voltage decreases as can be seen in Fig. 7b . At a gate voltage of -30 V, a rectification ratio of 10 5 is obtained. This modulation can be achieved because the band alignment between MoS2 and black phosphorus at the p-n junction interface can be tuned by the gate voltage. Moreover, the gate voltage also modulates the sheet resistance and the contact resistance of the MoS2 and BP respectively.
This A second kind of devices, that can be called "reconfigurable diode", employs electrostatic doped p-n junctions based on a split gate configuration, which allows inducing locally hole-and electron-doping in different parts of the channel; a new feature introduced by the 2D nature of the devices. [76] [77] [78] Figure 7c shows for example the IV characteristics of a double-gated monolayer WSe2 homojunction studied by Groenendijk and coauthors. 79 By tuning the Fermi energy both hole-and electron-doping can be readily accessed due to the ambipolarity of WSe2. Two of the four IVs of Fig. 7c are linear (NN and PP configuration) while the other two are highly non-linear (PN and NP configuration) displaying rectifying behavior, whose direction can be controlled by the gate bias polarity. The voltages applied to the local gates used to achieve these four configurations are shown in Fig. 7d together with a simplified band diagram of the device.
Physical mechanism of the electrical transport
Although the shape and features of the IV characteristics of 2D p-n junctions are similar to those of a conventional p-n junction, the underlying physical mechanism of rectification can be very different. When considering the two model junctions depicted in Fig. 8a one can see that reducing the thickness of the p-and nThis is the post-peer reviewed version of the following article: R. Frisenda 
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type materials modifies the interface between the two materials. In a bulk p-n junction, charge transfer at the interface between the two materials creates a depletion region from which all the free charges are removed. In the case of atomically thin junctions (for example in a vertical junction between monolayer MoS2 and monolayer WSe2) such a depletion region cannot be formed because of the reduced thickness. Simplified diagrams of the band profiles for a multilayer and a monolayer junction, taken along the thickness direction, are shown in Fig. 8a . While the bands of the p-and n-type materials bend in the depletion region in the bulk case (right panels), a sharp discontinuity of the bands is present at the monolayer interface (left panels). The depletion region in a bulk p-n junction is modified by the application of a voltage as schematically depicted in Fig. 8b . While under forward voltage the size of the depletion region is reduced, under reverse bias its size increases. With increasing forward voltage, the depletion zone eventually becomes thin enough that the built-in electric field cannot counteract charge carrier motion across the p-n junction; this leads to an increase in current. In the case of an atomically thin junction under forward bias the current is governed by tunneling-mediated interlayer recombination between majority carriers at the bottom (top) of the conduction (valence) band of the n-type (p-type) material. This interlayer recombination (Fig. 8c) can be described by two physical mechanisms or a combination of both: Langevin recombination, which is mediated by Coulomb interaction and describes the direct recombination of an electron and a hole, or Shockley-Read-Hall (SRH) recombination, which is mediated by inelastic tunnelling of majority carriers into trap states in the gap. [127] [128] [129] [130] These two processes can be present both at the same time in a 2D p-n junction and each of these processes predicts a different dependence of the electron-hole recombination ratio on the majority carriers density. The rectifying IVs characteristics can then be explained by an increase of the interlayer recombination rate under forward bias and the photocurrent generated in a 2D junction and its dependence on a gate field can be modeled by the two recombination processes. 112 This is the post-peer reviewed version of the following article: R. Frisenda 
Chemical Society Reviews 47, 3339-3358 (2018) https://doi.org/10.1039/C7CS00880E Figure 8 . P-n junctions in bulk and ultra-thin materials. a) Schematic of the devices (top) and band profiles (bottom) in a multilayer-multilayer pn junction (right) and monolayer-monolayer (left).
In the bottom panels, energy is depicted on the vertical axis and the device thickness on the x-axis. b) Schematic of the bands in a bulk p-n junction under equilibrium (VSD=0 V) and under forward and reverse bias. c-d) Schematic diagrams of interlayer recombination (c) in a monolayer-monolayer p-n junction and of (d) the exciton dissociation process.
Optoelectronic properties 5.1. Response to illumination: photodetectors and solar cells P-n junctions constitute the central building blocks of photodetectors, solar cells and light emitting diodes (LEDs)
. Their main application is thus in optoelectronics. Typically, there are two operating modes for p-n junctions: photovoltaic mode (PV), in which the p-n junction is not biased, and photoconductive mode (PC), where the p-n junction works under reverse external bias. 131, 132 The PV effect forms the basis for the solar cells. The PC mode is used in photodetection applications and has the advantages of having a lower capacitance that improves the response time and the presence of an external electric field facilitates the separation of electro-hole pairs improving the responsivity. Some of the most studied vertical p-n junctions are heterostructures made from WSe2 and MoS2. 109, 111, 112 In the work by Furchi et al. 111 the authors transferred a mechanically exfoliated monolayer of WSe2 on top of a monolayer MoS2, both on a SiO2/Si substrate, with source and drain electrodes placed in contact with each This is the post-peer reviewed version of the following article: R. Frisenda 
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of the materials. Due to the ambipolar nature of WSe2, this device could be tuned into n-n junction or p-n junction regimes by means of the back gate voltage and, in the p-n configuration, a rectification ratio of ∼100 was achieved. By illuminating the device in the p-n configuration with a white light source, a photovoltaic effect was observed, as shown in the IVs of Figure 9a measured at increasing optical powers, with an external quantum efficiency (EQE) of ∼ 1.5 % and a power conversion efficiency of ∼ 0.2 %. In this vertical p-n junction, photons are absorbed in both materials generating electron-hole pairs followed by relaxation of the photogenerated carriers and charge transfer between the layers (see Fig. 8c-d) . The carriers have to laterally diffuse to the electrodes and electron-hole recombination may occur reducing the efficiency of the solar cell. Lee et al. 112 circumvented this issue by employing graphene electrodes, sandwiching the semiconducting monolayers, and enhancing the responsivity of the devices by a factor of ∼5. This increase in responsivity comes mainly from the smaller travel distance that the photoexcited carriers have to travel to reach the electrodes leading to a more efficient carrier extraction in the vertical direction as shown in Fig. 9b . In order to increase the EQE of the devices, solar cells involving materials with different thicknesses were investigated, finding EQEs of 2.4 %, 12 % and 34 % for monolayer, bilayer and multilayer p-n junctions respectively. This improvement is due not only to the enhanced light absorption in the multilayer devices, but also due to the exponential suppression of direct electron tunnelling between the two graphene electrodes. In an optimized (∼15 nm thick) MoS2-WSe2 multilayer heterostructure, Wong et al. 133 The junction between monolayer MoTe2-MoS2 shows photoresponse at 1550 nm, due to interlayer transitions between the two materials. 137 However, for the individual device made of a pure MoS2 or MoTe2 monolayer, no photoresponse is observed at 1550 nm. Lateral 2D junctions are also very promising for optoelectronic applications. In the case of heterojunctions, several combinations of materials have already been achieved and studied as energy harvesting devices. CVD grown WSe2-MoS2 was used by Li et al. to build a p-n junction which showed an open-circuit voltage of 220 meV under white light illumination. 114 In another work, the authors found for the same system (Figure 9d ) a power conversion efficiency of 2.6 % and an increased open-circuit voltage of 390 meV. 138 Devices based This is the post-peer reviewed version of the following article: R. Frisenda 
Chemical Society 70 With respect to homostructures, the most studied materials are WSe2 and BP due to their ambipolar nature that allows for electrostatic doping of different region of the semiconductor channel. Three different groups independently reported a solar cell built by inducing p and n doping in a single-layer WSe2 flake by means of local back-gate electrodes (see Fig. 4b ). [76] [77] [78] Figure 9e shows 
Scanning photocurrent studies
The experiments discussed above were performed under global illumination, that is by illuminating the device with a spot larger than its size. We will now turn to local illumination and specifically to scanning photocurrent (SPC) studies. By scanning a diffraction-limited light spot over a device while measuring the current one can construct SPC maps that yield information on the spatial profile of the bands or the electric fields present in the device. [139] [140] [141] [142] [143] [144] This information is crucial to understand the underlying mechanisms ruling the photocurrent generation. The ultrathin nature of 2D p-n junctions allows the light to easily reach the p-n interface both in lateral and in vertical architectures. 64, 78, 145, 146 Figure 10a shows an optical image of a vertical p-n junction composed of elemental doped p-MoS2 and n-MoS2. 64 By recording a SPC map at zero bias the authors studied the local generation of the short circuit current in the device arising from the PV effect. Figure 10b shows such a map recorded with a laser of 532 nm and with highlighted contours of the nand p-type flakes. A negative photocurrent (blue/red regions) is generated in the region where the two MoS2 flakes overlap as a result of the strong electric field in the depletion region that separates the photocarriers. Compared to global illumination, the SPC map highlights that photocurrent generation can be non-homogeneous across the overlapping region. In Fig. 10b , a hotspot is clearly present, indicating that the interaction between the two flakes is not spatially homogenous, most likely due to the presence of interlayer adsorbates trapped between the layers during the assembly of the device. SPC studies have also been conducted in lateral devices such as the one depicted in Fig. 10c . Ross et al. combined SPC maps with photoluminescence (PL) maps to study an electrostatically gated WSe2 device. 78 The zero bias SPC map, shown in Fig. 10d , has been recorded at 100 K with a 660 nm laser and shows that the photocurrent generation occurs at the interface between the p-and the n-doped regions. Figure 10e presents the corresponding map of the integrated PL intensity, which is homogenous across the whole WSe2 flake, indicating that the luminescence is not quenched by the underlying gates. More revealingly, Fig. 10f shows a color map of the peak photoluminescence photon energy, exhibiting two distinct regions clearly correlated with the n-doped (blue) and p-doped (red) regions of the WSe2 flake. Above the gate held at Vgl = +8.0 V the presence of negatively charged X -trions (two electrons and one hole) dominates, while above the other gate, held at Vgr = -8.0 V, the higher-energy positively charged X + trions (two holes and one electron) are more frequent, implying an excess of holes. 
Electroluminescence: light emitting diodes
Electroluminescence is the result of radiative recombination of electrons and holes in a material, usually a semiconductor, which release their energy as photons. The most basic requirement for efficient light emission is a direct optical transition in the semiconductor, as in the case of monolayer semiconducting TMDCs. Electrically driven light emission produced by a unipolar current in single layer MoS2 FETs has been reported This is the post-peer reviewed version of the following article: R. Frisenda et al., "Atomically thin p-n junctions based on two-dimensional materials"
to take place near the contact electrodes via impact excitation 147 or in a suspended sheet by Joule heating. 148 However, effective emission requires the injection of both electrons and holes, which is typically achieved using a p-n junction. LEDs based on 2D materials have been realized in different ways, employing different materials and device architectures. For example, the ambipolar nature of single layer WSe2 has been exploited to generate light by employing local gates to electrostatically dope different regions in a semiconductor channel, forming a lateral p-n junction device. [76] [77] [78] This kind of device (Figs. 4a and 4d ) exhibited electroluminescence efficiencies (ratio between emitted optical power and electrical input power) ranging between 0.1 and 1%, with energy emission peaks at 752 nm (see Fig. 11a , Ref. 77 ) and 751 nm (Fig. 11b , Ref. 76 ) at room temperature.
The difference between the energy of the emission peaks is attributed to different dielectric environments that can influence the exciton binding energy. Zhang et al. have employed mono-and few-layer WSe2 in p-i-n (i, intrinsic) junctions with an electric doublelayer transistor (EDLT) architecture, 149 where the doping of the semiconductor channel is modified by tuning the voltage between the drain and source electrodes with respect to the gate electrode, enabling the accumulation of opposite charge carriers close to each of the electrodes. This device configuration circumvents the requirement of using monolayers for light emission due to the breakdown of the inversion symmetry in few-layer flakes under high-gate fields, and it also enables the emission of circularly polarized light as shown in Figure 11c . A similar device structure has been used to induce light emission by means of liquidgated transistors employing mono-and bilayer WS2, 150 CVD-MoS2 151 or bulk ReS2. 152 Concerning electroluminescent heterojunctions and mixed dimensional junctions many examples have been reported in literature. Lopez-Sanchez et al. demonstrated the light emission from a monolayer MoS2-highly p-doped Si hybrid junction (see Fig. 6e ). 117 Figure 11d shows a gray-scale optical picture of the electroluminescence generated from the device, which exhibits peak emission at ∼2 eV. This emission energy is blueshifted by almost 200 meV from the monolayer MoS2 exciton energy, which is due to the influence of the dielectric environment. The authors also reported that devices with unencapsulated MoS2 show a significant reduction of current and emitted light intensity after a few days in ambient conditions. On the other hand, by encapsulating the MoS2 monolayer with 30 nm thick HfO2 or Al2O3 the stability of the device can be greatly extended. In a different study Li et al. reported EL from a p-i-n junction between multilayer MoS2 and a GaN substrate, using Al2O3 as insulator. 153 Furthermore, LEDs based on 2D heterostructures have been reported. Cheng et al. measured the light emission from a WSe2/MoS2 vertical heterojunction. 154 In this case, both monolayer-WSe2/few-layer-MoS2 and bilayer-WSe2/few-layer-MoS2 were investigated (Fig. 11e) , revealing different features in the emission spectrum related to excitonic peaks A (Fig. 11f) and B (not shown here), hot electron luminescence peaks A' and B' (Fig. 11f ) and indirect bandgap emission (not shown here). Table 2 lists some photonic properties of electroluminescent 2D p-n junctions.
This is the post-peer reviewed version of the following article: R. Frisenda Table 2 . Photonic properties of on 2D p-n junctions. The threshold current is the lowest current able to produce light emission from the device. 117 with permission from American Chemical Society, and panels (e) and (f) readapted from Ref. 154 with permission from American Chemical Society.
Comparison between devices
In this section we show three tables that list the different p-n junctions based on 2D materials found in literature. Table 3 contains the 2D homojunctions, Table 4 the 2D heterojunctions and Table 5 the mixed-dimensional junctions. For each device we report some of the relevant parameters such as the materials composing the device and the thickness. We also list figure of merits for electronic or optoelectronic applications such as the rectification ratio, the responsivity or the open circuit voltage. In the "Materials" column, in the case of heterojunctions and mixed-dimensional junctions the two materials used are listed with the p-type as first and the n-type as second material. In the "Thickness" column the thickness of the junction is given either in nm or in number of layers (indicated by the code nL where n is the number of layers, ML stays for multilayer). Table 5 . p-n junctions based on mixed dimensional heterojunctions.
Future perspective and challenges
Despite the large number of experiments discussed in this Review, many challenges still need to be overcome for the integration of 2D p-n junctions in mass-produced electronic components. The two most important challenges are the large-scale fabrication of 2D p-n junctions and the environmental degradation of 2D materials.
Large-scale fabrication and environmental degradation
The first main challenge is related to the large-scale production of tailored van der Waals heterostructures with well-controlled interfaces. Even if the deterministic placement methods are very successful for laboratory-scale experiments, they are not suited for commercial applications. Growing methods like the CVD growth described in Section 2.2.2 have already proven to be capable of growing high-quality 2D materials including lateral and vertical heterostructures at a laboratory-scale. Van der Waals epitaxial methods hold even more promises to the synthesis of high-quality 2D heterostructures. Up-scaling of these growth methods is possible and in the years to come the realization of higher quality devices can be expected. 184 A second, promising strategy to up-scale the production of 2D p-n junctions is to combine the growth of single 2D materials (such as MoS2) with various doping techniques (mostly chemical or electrostatic). A second challenge is the environmental degradation of many of the known 2D materials. For example, when exposed to air, black phosphorous in its ultrathin form tends to uptake moisture which degrades the electronic properties of the material. [37] [38] [39] [40] In the case of BP the most accepted mechanism for the degradation involves the reaction of the material with oxygen which changes the material properties. 185, 186 One way prevent this degradation is by encapsulating the air-sensitive material between two flakes of h-BN under oxygen-and moisture-free conditions. [187] [188] [189] One active area of 2D materials research is therefore dedicated to up-scale the encapsulation methods. A different approach that is currently pursued is the active search for new 2D materials, which do not present degradation problems, that could come either from synthesis (for example TiS3) or from natural sources (e.g. franckeite). 46, 135, 190, 191 This active search already helped to increase the number of available 2D materials from just a handful to more than twenty in less than ten years.
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Future perspectives
Apart from conventional optoelectronic applications, 2D p-n junctions hold still many unexplored applications and fundamental questions. For example, thermoelectric applications of 2D p-n junctions have not been thoroughly investigated yet. The traditional Peltier device, a component largely used in electronics for cooling (and less commonly for heating), is based on a p-type and a n-type semiconductor thermally connected in parallel and electrically in series. Van der Waals heterostructures could be used to fabricate atomically thin cooling (or heating) elements combined with the other attractive properties of 2D materials, such as the high transparence or the flexibility. Another interesting route is the study of novel p-n junction geometries (like for example circular p-n junctions recently demonstrated in graphene 192, 193 ) or new devices based on 2D p-n junctions, such as memories or logic gates. 83, 194 The real possibilities still hidden in 2D materials are probably many more than the ones discussed and 2D p-n junctions hold many promises for commercial applications. These 2D junctions are especially interesting building blocks for flexible and transparent electronic components, such as solar cells or light emitting diodes. 195, 196 Another application that can benefit from the ultrathin nature of 2D p-n junctions is in light sensing and harvesting applications or for nanophotonics. 14, 197 As we discussed in section 5, 2D p-n junctions can be used as photodetectors and many materials combinations are available that can be used to design devices sensible to wavelengths ranging from the infrared to the ultraviolet have already been demonstrated. 134, 135,
137
Conclusions
In recent years we have witnessed the production of novel p-n junctions that take advantage of the ultrathin nature of 2D materials. Both bottom-up and top-down production methods have proven capable of creating p-n junctions of high quality with exquisite optoelectronic properties. In this Review we have revised the recent progress on 2D p-n junctions, discussing the most used materials and fabrication methods and examples of 2D p-n junctions from literature belonging to eight different junction architectures. With these architectures different applications have been realized and we have discussed experiments that use 2D p-n junctions respectively as rectifiers, as photodetectors/solar cells and as light emitting diodes. Finally a comparison between the important figures of merit of the various devices from literature is made. By no means, this field is closed. 2D materials continue to offer many opportunities to fabricate novel p-n junctions with outstanding properties that open up exciting scientific routes both in terms of fundamental questions and in term of applications.
